Standard volumes for atoms in double-stranded B-DNA are derived using high resolution crystal structures from the Nucleic Acid Database (NDB) and compared with corresponding values derived from crystal structures of small organic compounds in the Cambridge Structural Database (CSD). Two different methods are used to compute these volumes: the classical Voronoi method, which does not depend on the size of atoms, and the related Radical Planes method which does. Results show that atomic groups buried in the interior of double-stranded DNA are, on average, more tightly packed than in related small molecules in the CSD. The packing efficiency of DNA atoms at the interfaces of 25 high resolution protein-DNA complexes is determined by computing the ratios between the volumes of interfacial DNA atoms and the corresponding standard volumes. These ratios are found to be close to unity, indicating that the DNA atoms at protein-DNA interfaces are as closely packed as in crystals of B-DNA. Analogous volume ratios, computed for buried protein atoms, are also near unity, confirming our earlier conclusions that the packing efficiency of these atoms is similar to that in the protein interior. In addition, we examine the number, volume and solvent occupation of cavities located at the protein-DNA interfaces and compared them with those in the protein interior. Cavities are found to be ubiquitous in the interfaces as well as inside the protein moieties. The frequency of solvent occupation of cavities is however higher in the interfaces, indicating that those are more hydrated than protein interiors. Lastly, we compare our results with those obtained using two different measures of shape complementarity of the analysed interfaces, and find that the correlation between our volume ratios and these measures, as well as between the measures themselves, is weak. Our results indicate that a tightly packed environment made up of DNA, protein and solvent atoms plays a significant role in protein-DNA recognition.
INTRODUCTION
The volumes of atoms and residues and their packing inside proteins have been of interest because they have an important bearing on the physical and thermodynamic properties of the folded polypeptide. Optimal side chain packing inside proteins is believed to be key in stabilizing the native state of proteins (1, 2) . Achieving or disrupting it is thought to govern the barriers of the folding and unfolding processes, respectively (3, 4) . Substitutions of a larger residue by a smaller one, which create empty space inside the protein, are destabilizing (5) .
The availability of protein crystal structures has made it possible to evaluate the volumes and packing densities of atoms and residues in proteins from the atomic coordinates. An accurate method for computing these quantities in molecular systems involves partitioning space between atoms by building the so-called Voronoi polyhedra. In the classical method of Voronoi (6) , the faces of the polyhedra, or the dividing planes, are positioned exactly halfway between neighboring atoms. In the related Radical Planes method (7) these planes are positioned in a manner proportional to the atomic radii, whereas in the Richards-B method (8, 9) , the dividing planes are positioned differently between bonded atoms than between nonbonded ones. The latter two variants require the use of atomic radii. The early work (8) used the radii derived by Bondi (10) . Later work was based on new radii, derived by Chothia and Janin (11) and more recently by Li and Nussinov (12) and Tsai et al. (13) .
The different variants of the Voronoi method have been used to compute standard volumes for atoms and residues in proteins, first in a limited set of structures (8, 11, 14) , and later on much larger sets (13, 15, 16 ). An important finding of these studies was that in general, residues in the interior of proteins are close packed, with mean volumes equal to (8) , or somewhat smaller than those they have in amino acid crystals (13, 15) . They also showed that packing differs in different regions of the protein (8, (16) (17) (18) (19) . In particular, it was found that the buried protein core is on average more tightly packed than regions on the surface (19, 20) .
With the significant increase in the available data on structures of macromolecular complexes and the mounting interest in improving our understanding of molecular recognition, volume calculations of the type described above have been applied to analyze the packing of atoms in protein-protein and protein-DNA interfaces. Conte et al. (21) , computed the volumes of atoms buried in interfaces of protein-protein complexes and showed that they were similar to those inside proteins, therefore, concluding that these interfaces were, on average, as closely packed as the protein interior.
A similar analysis performed by some of us for protein atoms buried in protein-nucleic acid complexes (22) , led to analogous conclusions about the protein atoms in these interfaces. Moreover, that analysis showed that performing the volume calculations in the presence of the crystallographic water molecules, yielded a better agreement between the volumes of interfacial atoms and those in the protein interior, suggesting that water molecules play an important role in fostering optimal packing in these interfaces. But the packing efficiency of nucleic acid atoms was not evaluated in that study due to the lack of a standard set of atomic volumes and radii for nucleic acid atoms.
In this work, we extend the analysis of atomic volumes and packing to nucleic acid atoms, more particularly to DNA. We derive the mean volumes and standard deviations for atoms in DNA using crystal structures of various DNA forms in the Nucleic acid Database (NDB) (23) . These volume distributions are compared to those derived for nucleic acid groups in crystals of small molecules from the Cambridge Structural Database (CSD) (24) . Using the standard volumes computed for atoms in B-DNA as the reference, we evaluate the packing of DNA atoms at the interfaces of 25 protein-DNA complexes determined at high resolution (better than 2.4 Å). In addition to atomic volume calculations, we also compute the volume of empty and water-filled cavities in these interfaces.
Results show that DNA atoms in double helical DNA structures are on average more closely packed than the equivalent atoms in small molecule crystals, an analogous observation to that made previously for amino acids (15) . We show furthermore that DNA atoms in protein-DNA interfaces are, on average, as closely packed as in crystals of B-DNA, and here too, water molecules play a crucial role in fostering close packing. This picture is largely confirmed by our analysis of empty and filled cavities.
Two other measures for assessing packing in interfaces of macromolecular complexes have been proposed. One is the shape correlation index of Lawrence and Colman (25) and the other is the gap volume of Jones and Thornton (26) , used recently to evaluate complementarity in protein-DNA interfaces (27) . We apply both measures to our dataset of 25 protein-DNA complexes, and the results are compared with those obtained with the volume and cavity calculations.
MATERIALS AND METHODS

Volume calculations
The volume calculations for both the Voronoi and Radical Planes methods were conducted using the SURVOL (28) software package. In these methods, Voronoi polyhedra are constructed around each atom with the dividing planes positioned either halfway between neighboring atoms (Voronoi) or in proportion to the VDW radii of neighboring atoms (Radical Planes). The volume assigned to each atom is given by the space occupied by the smallest polyhedron defined by these planes (see Fig. 1 ). The Voronoi polyhedra are defined only for atoms that are completely surrounded by other atoms. To identify such buried atoms, the solvent accessible surface area was computed with a probe size of 1.5 Å, using the program SURVOL (28) , which implements a modified version of the method of Connolly (29) . In cases where the PDB structure contained more than one protein-DNA interface in the asymmetric unit only one copy of this interface was used. The chain name and residue numbers for each protein-DNA complex are listed in Table 1 .
Radii of atomic groups
The Radical Planes method requires the assignment of radii to atoms or atomic groups. In this work the united atom approximation is used, in which heavy atoms are considered together with their bound hydrogens. Several sets of united atom groups have been defined for volume calculations in proteins. We use the definition of Tsai et al. (13) and include three additional atomic groups for nucleic acids that are not found in proteins as listed in Table 2 . Tsai et al. determined radii for the atomic groups in proteins from a detailed analysis of the radial atom pair distributions as a function of distance in small molecule crystal structures in the CSD (24) . We used the same procedure to derive values for the three additional groups in nucleic acids. The list of structures used for these calculations was the same as that used in deriving the standard volumes (see below) and can be found in the Supplementary Material. For Zn, I and Mg, found in the CSD, we used the radii of Bondi (10) .
Cavity calculations
A cavity is defined here as a region of empty space completely surrounded by protein or DNA atoms, whose volume is delimited by the so-called molecular surface (9) . Cavity locations and volumes were computed using the software SURVOL (28) , which implements the algorithm by Alard and Wodak (30) . Two calculations were carried out. One in the absence of crystallographic water molecules and a second in their presence. Cavities which are identified in the first calculation but not in the second, are classified as water-filled, whereas the cavities identified in the presence of water molecules are classified as empty. A probe radius of 1.4 Å was used.
The PDB entry 1bmh, which has missing side chains for 22 of its residues, was excluded from the cavity calculation. In other structures with some missing side-chain atoms, cavities lined by these side chains were excluded from the analysis.
Gap index and shape complementarity calculations
To complement our volume calculations we computed two additional quantities previously proposed for evaluating the extent of packing in inter-molecular interfaces. One quantity is the 'gap volume index' of Laskowski (31) , used by Jones and Thornton (26) and Jones et al. (27) . This index is defined as the available volume or 'gap volume' between the solvent accessible surfaces of the molecular components of the complex, divided by the surface area buried in the interface. The gap volume is calculated as follows (see http:// www.biochem.ucl.ac.uk/bsm/DNA/server/parameter_def.html): for all pairs of atoms, belonging respectively to the protein and DNA molecules, the size of the largest sphere (maximum diameter 10 Å) that can be placed midway between the surfaces of the two atoms, without penetrating the van der This set of protein-DNA complexes is the same as that used in Nadassy et al. (22) . The two structures from the trp repressor proteins were included, because one (1trr) is the half-site tandem complex, and the two structures differ in resolution, the number of residues adopting a well defined conformation in the crystal, and the length of the DNA chains. It seemed worthwhile to check how these differences influence the results.
Waals surface of any other atom (the gap-sphere), is determined. Spheres whose radius is <1Å are discarded. The gap volume is obtained by summing the volumes of all allowable gap-spheres. Using this algorithm, the largest gap spheres will be those in contact with the surface of atoms belonging to regions on the periphery of the interface that are accessible to the bulk solvent in the complex. The number of these peripheral spheres would essentially depend on the size of the interface, and they should therefore contribute more to the gap volume than other gap spheres placed in the middle of the interface.
The second evaluated quantity is the shape correlation index (S c ) of Lawrence and Colman (25) , derived from the distance between points on the surfaces of the interacting molecules and the angle between the vectors normal to these surfaces.
The gap volume index for our sample of protein-DNA interfaces was evaluated using software provided by the Web server of Thornton and colleagues (http://www.biochem.ucl.ac.uk/bsm/ DNA/server/). The shape correlation index S c was computed using software kindly provided by the authors.
Structural datasets
Nucleic acid structures from the NDB. An appropriate subset of high-resolution double-stranded B-DNA structures was selected from the NDB on the basis of the following criteria. The resolution had to be 2.0 Å or better, and the R-factor ≤20%. In addition, the phosphate atoms of the structure were required to display a root mean square deviation (r.m.s. Datasets for the A and Z conformations of DNA were selected using the same criteria, with the exception that superposition was not carried out on these structures. This produced 46 A-DNA and 34 Z-DNA structures. For a complete list of these structures see the Supplementary Material.
Small molecule structures from the Cambridge Structural Database (CSD).
To select nucleic acid structures from the CSD, we used the program QUEST (32) . Independent searches were performed for CSD entries that contained nucleic acid groups corresponding to the four different bases, sugar and phosphate groups, respectively. For each search we considered entries with R < 6% and which were devoid of valence errors, large bond length deviations or disorder. The codes of the retrieved CSD structures are listed in the Supplementary Material.
In order to conduct the volume calculations on a sufficient number of buried atoms, neighboring molecules in the crystal were generated using the program FILLXR (24) . The retrieved CSD structures generally contain atoms and atomic groups that are not found in either proteins or nucleic acids. Since consistent radii have not been assigned to these atomic groups in the manner of Tsai et al. (13) , only the classical Voronoi procedure was used to compute atomic volumes in the CSD structures.
Structures of protein-DNA complexes.
The dataset of protein-DNA complexes was the same as that used in our previous study (22) . It consists of 25 complexes of proteins with doublestranded DNA, from the protein databank (PDB), with resolution of 2.4 Å or better, listed in Table 1 . The analysis was performed on the biologically relevant assemblies (monomers or dimers) as described previously (22) and also listed in Table 1 . Table 3 lists the mean volumes and standard deviation of the atomic groups in the four bases and the sugar-phosphate group, computed for the reference set of 35 B-DNA structures from the NDB. B-DNA is considered to be the canonical form of DNA. Its double helix has 10 bp/pitch, an axial rise of 3.3-3.4 Å, and contains a wide major groove and narrow minor groove. Stacking in B-DNA is limited to intra-strand interactions and the base pair planes are perpendicular to the double helix axis.
RESULTS
Atomic volumes in B-DNA structures from the NDB
Two methods were used to compute the volumes. The classical Voronoi method, in which space is assigned by positioning the dividing panes midway between the atoms, and the Radical Planes method, which positions the dividing planes in a manner proportional to the atomic radii. The radii for nucleic acid atoms, used in the Radical Planes method, were those derived by Tsai et al. (13) for equivalent atom types in proteins. Radii for three additional atomic groups present in nucleic acids, but not in proteins, were computed here using the same procedure. Volumes were computed only for buried atoms, and in order to increase the number of examples the calculations were performed also in the presence of crystallographic water (13) atomic groups are given the label AnHm, where A is the non-hydrogen atom, n its valence and m the number of directly bonded hydrogen atoms, e.g. C 4 H 2 refers to a tetrahedral carbon atom covalently bonded to two hydrogen atoms and two non-hydrogen atoms. c Radii in Å. d Radii for these groups were determined in our group. The list of structures from the CSD, used for computing the radii, can be found in the Supplementary Material. positions. This notwithstanding, the number of examples was below 20 for the OP1 and OP2 phosphate oxygens (Table 3) , which are generally the most solvent exposed groups in nucleic acids.
We see that the Voronoi volumes of polar atoms tend to display larger standard deviations (13-23%) than those of nonpolar ones (2-10%), presumably because they tend to be more solvent exposed, and hence surrounded by fewer non-bonded neighbors, in agreement with previous observations made in proteins (13, 16, 18) . Variations in atomic volumes are also caused by differences in their bonding environment and in their chemical type (16, 18) . For example, the C1′ and C2′ sugar sp 3 carbon groups have the same atomic radius, but the former, which is bonded to three heavy atoms, has a smaller volume than the latter, which bonds to only two. Similar trends are observed for several atoms in the bases.
The Voronoi and Radical Planes volumes (Table 3 ) display very similar standard deviations, but the mean values computed by the two methods can differ significantly when bonded atoms have different van der Waals radii. A striking example is the phosphorous atom, which appears much larger with the Radical Planes method than with Voronoi, whereas the phosphate oxygens are smaller.
Mean and standard deviation of the volumes of the four DNA bases and sugar-phosphate groups (bottom of Table 3) were computed by summing the volumes of the constituent atoms. Remarkably, the respective volumes of the A-T and C-G base pairs differ by <4%.
Atomic volumes in A-and Z-DNA
Atomic volume calculations were also conducted for A-and Z-DNA, in order to determine the influence of the DNA conformation on the volumes of its atoms. All calculations were performed including crystal neighbors and water molecules. These DNA conformers have several distinctive features. A-DNA has 11 bp/pitch, an axial rise of ∼2.6 Å, a shallower major groove, and a deeper minor groove than B-DNA. Z-DNA is a left-handed helix with 12 bp/turn and an axial rise of 3.7 Å. Table 4 lists the mean atomic volumes and their standard deviations, computed using the Radical Planes method for our dataset of 46 A-DNA structures and 34 Z-DNA structures listed in Tables S2 and S3 in the Supplementary Material, respectively. On the whole, the listed values resemble those found in B-DNA. The atoms displaying statistically significant differences in their volume distributions in the three DNA forms are nearly all in the sugar-phosphate moiety. The displayed trends vary with the atom type. For example the volumes of the O1P, O2P and O3′ atoms in A-DNA, and those of the C2′ and O3′ atoms in Z-DNA, are larger than those of their counterparts in B-DNA. But those of the Z-DNA sugar atoms O4′ and C4′are smaller than in B-DNA (Table 4) .
As for the total volumes of individual bases and the sugarphosphate moiety, those are in general larger in A-DNA than B-DNA. The smaller volumes of Z-DNA groups is probably not significant, owing to the small number of observations, caused by the fact that these groups tend to be more solvent exposed than in the two other DNA forms.
On the basis of these considerations, we take the atomic volumes distributions for B-DNA as the standard against which DNA volumes in individual structures are compared.
The volumes of atoms in nucleic acid groups from the CSD
The CSD was searched for structures containing deoxynucleotide components, namely, the individual bases, sugar and phosphate moieties. The CSD structures identified for each type of component are listed in Table S4 in the Supplementary Material. To obtain a sufficient number of buried atoms for which the volumes can be computed, the neighboring molecules in the crystal unit cell were generated. Volume calculations were done using only the Voronoi method, in order to avoid the problem of deriving radii for a large variety of atoms in chemically diverse organic and inorganic molecules with which the nucleic acid moieties are associated in the CSD.
The resulting mean atomic volumes and standard deviations are listed in the right-most column of Table 3 . The standard deviations are in the range of 2-19%. Those of the rarer buried phosphate and the O3′ and O5′ sugar oxygens are the largest (11-19%) . These values are similar to the standard deviations of the Voronoi volumes of atoms in B-DNA, which range from 2 to 23%. Interestingly, with a few exceptions, the mean atomic volumes in the CSD structures are larger than those computed in double-helical DNA structures from the NDB.
Summing up the atoms of bases and sugar-phosphate groups yields volumes for these groups which are 5% larger, on average, (and 8% larger for adenine) in the CSD than in the NDB. These findings parallel the reported observations that the volumes of amino acid residues in protein cores are ∼5% smaller than those in amino acids crystal structures (15) . They can be readily rationalized by the fact that in the NDB, the nucleic acid moieties are part of tightly packed B-DNA structures, where base pairs are stacked and form Watson-Crick type H-bonds. In the CSD on the other hand, the same groups, particularly the charged phosphates, which display the largest volume differences, are in widely different surroundings often bearing little resemblance with those in DNA crystals. This, together with the constraints imposed by the requirement of forming a 3D lattice, leads to looser overall packing.
Packing in protein-DNA interfaces
Volumes of atoms buried in protein-DNA interfaces. In our previous study of protein-nucleic acid complexes (22) , the packing efficiency of protein atoms buried at the interfaces in a set of 25 high-resolution protein-nucleic acid complexes was examined. To this end, the ratio [V/V 0 ] PROT , was computed, where V is the sum of the volumes of protein atoms buried at each protein-DNA interface and V 0 is the sum of standard volumes for the same atoms. The standard volumes were taken to be those computed for atoms buried in the protein core (18) . Values of [V/V 0 ] PROT <1.0 were taken to indicate that the atoms buried at the interface are more tightly packed than in the protein interior, whereas looser, or similar, packing as in the protein interior was indicated by values of [V/V 0 ] PROT ≥1.0. In that study, however, the packing of DNA atoms was not evaluated, since we did not have at our disposal a set of standard volumes and atomic radii for atoms in DNA.
With the set of standard atomic volumes in B-DNA and the atomic radii derived here, this limitation no longer exists and we can extend our packing analysis to include the evaluation of the volumes of the DNA component of the interfaces. This analysis was performed on 25 high resolution protein-DNA complexes (2.4 Å or better) from the earlier dataset of Nadassy Table 1) . Lower resolution structures from that dataset were not considered, in order to minimize the bias on volume values resulting from crystal structure imprecision (16, 21) .
In these 25 complexes, on average only 30% of the DNA atoms in the interface are completely buried in the absence of crystallographic water molecules. But this fraction rises to 54% when these molecules are included. A similar trend was observed when protein atoms of the same interfaces were analyzed (22) and in protein-protein complexes (21) . Analyses of the interface volumes here and in previous studies were therefore performed both in the presence and absence of the crystallographic water molecules. All atomic volumes were computed using the Radical Planes method to preserve consistency with the values computed previously for the protein portion of the same interface (22) . Table 5 lists the volume ratios denoted [V/V 0 ] DNA computed for the DNA portions of the interfaces in our dataset of 25 complexes. Also listed are the number of atoms and the percent of buried atoms in each interface. Figure 2A (Fig. 2A) . Two protein-DNA complexes have a [V/V 0 ] DNA value of 1.06: NFκB-p50 (1nfk) and the TATA box binding protein (1ais). These complexes also have a rather large [V/V 0 ] PROT value of 1.03, computed for the buried protein atoms in the interface. The higher ratios and wider distributions computed in the absence of water molecules are due to poorer statistics resulting from the smaller number of buried interface atoms, and from the fact that a fraction of the buried atoms is probably not optimally surrounded by neighbors (13, 16) .
Using our radii for the DNA atoms, we were also able to recompute the volume ratios for the protein portion of the interfaces [V/V 0 ] PROT . This yielded a mean volume ratio of 1.02 and a range of 0.97-1.08, for individual values (Table 5 and These results taken together indicate that, on average, both DNA and protein atoms buried in protein-DNA interfaces are Table 5 . Packing efficiency at protein-DNA interfaces a a V is the sum of the volumes of nucleic acid atoms buried at interfaces with proteins, V 0 is the sum of standard reference volumes for atoms buried inside B-DNA. All volumes are computed using the Radical Planes method. The total number of buried nucleic acid atoms at the interface is listed and the percentage that are buried. The last column gives the re-computed protein volume ratios [V/V 0 ] PROT using the newly defined radii set of Tsai et al. (13) . nearly as close-packed as their counterparts in B-DNA, and inside the protein core, respectively. They furthermore confirm previous findings (22) , that water molecules play an important role in fostering the tight packing at these interfaces.
Volume of cavities in protein-DNA interfaces.
The packing at the interfaces in the protein-DNA complexes is further evaluated by computing the volume of packing defects, or cavities, in these interfaces. A cavity is defined here as a region of space, which contains no atomic positions assigned by the crystallographer and is completely surrounded by protein or DNA atoms, whose volume is delimited by the so-called molecular surface (9, 33) .
Cavity locations and volumes are computed using the software SURVOL (28) (see Materials and Methods). Two calculations are carried out. One in the absence of crystallographic water molecules and a second in their presence. Cavities identified in the first calculations but not in the second, are classified as 'water-filled', whereas the cavities identified in the presence of water molecules are classified as 'empty'. It should be clearly understood, however, that our calculations cannot distinguish between cavities representing true voids from those containing disordered water molecules or other disordered groups that are invisible in the electron density map. Figure 3A shows the volume distributions of individual empty cavities, normalized to the total number of cavities, computed respectively, in the interfaces and inside the protein moieties of our sample of protein-DNA complexes. In comparison, Figure 3B displays the equivalent distributions for water-filled cavities (see Materials and Methods).
We see that the volume distribution of empty cavities in the analyzed interfaces is very similar to that in the protein interior, with however a lower fraction of small cavities (<30 Å 3 ) in the protein-DNA interfaces (∼45%) than in the protein interior (∼60%). On the other hand, we find that a larger proportion of the cavities in protein-DNA interfaces (∼60%) is filled with water, than in the protein interior (30%). Water-filled cavities in the interfaces also tend to be larger, with a maximum volume of 657 Å 3 (Table 6 ), whereas inside the protein, the volume of the largest filled cavity is 190 Å 3 . Table 6 lists for each of the analyzed protein-DNA interfaces, the number of empty and water-filled cavities in the interface along-side the total, minimum and maximum volumes of each type of cavity. Of the total of 25 interfaces analyzed in our dataset, four contain no empty cavities. These are 1lmb (lambda repressor operator), 1tc3 (Caenorhabditis elegans transposase),1tsr (p53 core) and 2dgc (GCN4 ATF site). Interfaces of the latter two complexes contain no waterfilled cavities either.
The total volume of empty cavities in individual interfaces displays appreciable variability. The smallest non-zero total volume (11.7 Å 3 ) is found for the DNA binding domain of the glucocorticoid receptor (1lat), which also features a [V/V 0 ] DNA < 1. The largest total empty cavity volume (695.4 Å 3 ) is observed in the structure of the TRP repressor/operator halftandem complex (1trr). The majority of this volume (636.1 Å 3 ) belongs to a very large elongated cavity (not plotted in Fig. 3  for clarity) , located between the two monomers of the repressor and reaching into the protein-DNA interface. Visual inspection suggests that very small atomic displacements under thermal motion would probably turn this cavity into a channel communicating with bulk solvent. It is thus very likely that it contains disordered solvent molecules, which are not visible in the electron density map.
The remaining empty space is distributed amongst small cavities. Two other interfaces display a large total empty volume: those of 1ais (TBP, TFIIB) and 1tro (TRP repressor dimer). But here this volume is distributed amongst small cavities of ≤30 Å 3 . Table 6 shows that the total volume of water-filled cavities in interfaces of individual complexes displays even wider variability than the volume of empty cavities. Interesting cases are the structures of the DNA polymerase complex with gapped DNA (1bpy), the EcoRV-DNA complex (1rvc), the T7 DNA polymerase-thioredoxin complex (1t7p), the estrogen receptor-DNA complex (1hcq), the retinoid receptor-DNA complex (2nll) and once again the TRP repressor/operator half-tandem complex (1trr). All these complexes have three or more filled cavities with a volume superior to 200 A 3 at the protein-DNA interface.
A pictorial representation of two of these complexes, EcoRV-DNA and the retinoic acid receptor-DNA complex, is given in Figure 4 . In the first complex with the endonuclease (Fig. 4A) , the water-filled cavities are clustered at the active site of the enzyme, and are centrally located within the protein-DNA interface. In the second complex (Fig. 4B ) the filled cavities are more evenly distributed across the interface, especially in one of the monomers. In both cases the buried water molecules play a key role as building blocks of the molecular interfaces.
Several interesting conclusions can be drawn from this analysis. We see that protein-DNA interfaces contain, on average, a somewhat smaller volume of the empty space than in the interior of DNA binding proteins. On the other hand, they harbor more water-filled pockets than in the core of these proteins, in line with the polar character of the atoms in these interfaces. These filled pockets contain buried water molecules, which form H-bonds with the DNA and protein atoms and with one another, as will be described elsewhere (Tomás-Oliveira,I., Nadassy,K., Alberts,I., Janiu,J. and Wodak,S.J., manuscript in preparation). These buried waters seem to be an integral part of the molecular interfaces and therefore play a key role in fostering close packing at these interfaces. It is therefore not surprising that they also play an important role in fostering specific protein-DNA recognition, as already suggested (34) .
DISCUSSION
Atomic volumes in DNA and at interfaces
This study presents the first calculation of the volumes occupied by atoms and residues in double-stranded DNA. Mean atomic volumes and standard deviations were computed from several sets of structures. From high-resolution structures of B-DNA, A-DNA and Z-DNA in the NDB and from a set of structures in the CSD, extracted by searching for bases, sugar and phosphate moieties.
As expected, the trends in the mean atomic volumes from all the sets are dictated by the chemical type of the atomic group and its covalent bonding environment.
The mean atomic volumes in double helical DNA structures from the NDB were found to be ∼5% smaller than those in the CSD structures, indicating that DNA structures are more closely packed than crystals of related nucleic acid molecules. This clearly arises from the presence of hydrogen bonding and stacking interactions in DNA, whereas in the CSD structures, Table 6 . Volumes of empty and water-filled cavities in protein-DNA interfaces where nucleic acid groups occur in very diverse environments, such interactions are often absent. It is interesting that this trend parallels that observed for the atomic volumes in the protein interior versus those in amino acid crystals (8, 15) . Thus, the two major types of macromolecules in living cells, DNA and proteins, representing highly organized systems with many specific interactions, presumably perfected through evolution, are also more compact on average than crystals of their building blocks, obtained in the laboratory, where intermolecular interactions are less specific and more diverse.
Another finding of our study is that with the exception of a few atom types, the atomic volumes in A-DNA, B-DNA and Z-DNA are rather similar. But the results obtained for atoms in Z-DNA are based on a very small number of observations (particularly for the A and T bases), and need confirmation by further analysis. The left-hand side shows a slice through the surfaces of the protein (two monomer) and DNA (two segments, 11 bp long) portions of the complex in the crystal structure. The DNA molecular surface is in magenta, and the protein accessible surface is in light green. The accessible surface area is depicted for the protein in order to improve the display of the cavities, whose surface is shown in white dots. Because the protein accessible surface is obtained by rolling a 1.4 Å sphere over the van der Waals surface of the protein, the corresponding surface contours are seen to intersect in places with the molecular surface of the DNA. The right-hand side displays the EcoRV-DNA complex in a similar orientation as on the left, but highlighting the secondary structure elements of the protein. α Helices are shown as flat red-orange ribbons, β strands as gray ribbons and loops as thin gray strings. The DNA moiety is displayed as a turquoise stick model. Buried water molecules are depicted as filled red spheres. They are located in a cluster of cavities, at the enzyme active site near the center of the protein-DNA interface. (B) The retinoic acid receptor-DNA complex (PDB code 2nll). The left-hand side shows a slice through the surfaces of the protein (two monomers) and DNA (two segments, 18 bp long) portions of the complex, with the DNA and protein surfaces computed as detailed above and displayed using the same color convention as in (A). The right-hand side displays the same complex in the same projection, but somewhat different orientation as on the left, but highlighting the secondary structure elements of the protein [see (A) for details]. Water-filled cavities are displayed by their molecular surface (white dots), and the crystallographic waters molecules (filled red spheres) which they contain. Two empty cavities (delimited by their molecular surface in magenta) are visible at the bottom of the right-hand picture. At the bottom we also see a buried water molecule whose surrounding cavity is not visible, being beyond the size detectable by the program.
In the second part of this work, we use the atomic volumes of B-DNA as a standard, to evaluate the packing efficiency of nucleic acid atoms buried in the interfaces of 25 high resolution protein-DNA complexes. This packing efficiency is expressed as the ratio of the atomic volume in the interface to the standard volumes. This ratio is found to be close to unity, on average, indicating that the DNA atoms in protein-DNA interfaces are as closely packed as in B-DNA. This taken together with our previous findings about protein atoms in these interfaces being as closely packed as atoms inside proteins (22) , leads us to conclude that the packing efficiency in protein-DNA interfaces is as high as in the respective macromolecules.
An important factor in our calculations is the contribution from the crystallographic water molecules in the interfaces. The proportion of DNA atoms buried in the interfaces increases from 30 to 54% and their packing efficiency improves, when these molecules are included in the calculation. Similar observations were made for the packing of protein atoms in these interfaces (22) , as well as in protein-protein interfaces (21) .
This general picture is further supported by our analysis of empty and water-filled cavities in the protein-DNA interfaces. The frequency and volumes of empty cavities are somewhat below those found in the protein interior. But those of solventfilled cavities, is clearly higher. This indicates that protein-DNA interfaces are more hydrated than the protein interiors and emphasizes the importance of solvent molecules in enhancing packing at these interfaces.
Shape complementarity
Two estimates of shape complementarity have previously been used to evaluate the extent of packing in interacting macromolecules. One is the so-called 'gap volume index' of Laskowski (31) , used by Jones and Thornton (26) and Jones et al. (27) . This index is computed as the volume available between the solvent accessible surfaces of the molecular components of the complex, divided by the interface area. (see http:// www.biochem.ucl.ac.uk/bsm/DNA/server/parameter_def.html). The other is the shape correlation index (S c ) of Lawrence and Colman (25) , derived from the distance between points on the surfaces of the interacting molecules and the angle between the vectors normal to these surfaces. The S c index was used to evaluate protein-protein interfaces, and the gap volume index was used to evaluate protein-protein (26) and protein-DNA interfaces (27) .
It seemed of interest to compare our volume based evaluations of the interfaces with these criteria. Since our calculations treated the protein and DNA portions of the interfaces independently, we computed a volume ratio describing each interface as a whole, defined as the average of the volume ratios for the protein and DNA atoms. These ratios, together with the values for the gap volume and S c indices, are listed in Table 7 . Better shape complementarity should appear as a lower value of the volume ratio and the gap volume index, and a higher value of S c . In agreement with the analysis of Jones et al. (27) , we observe that the computed gap volume indices span a very large spectrum of values ranging from ∼0.8-4.3 Å, whereas the S c values span a narrower range, similar to that found in protein-protein interfaces.
We find a very poor correlation between the V/V 0 values, or for that matter also the volume ratios of the protein and DNA components, with either of the shape complementarity indices. The linear correlation coefficients were 0.4 and 0.5 with the gap volume and S c indices, respectively; in general, however, when V/V 0 indicates rather poor packing relative to the interior of protein and DNA molecules, the gap volume index and S c values are in rough agreement. For example, out of the seven values of ≥1.04, for PDB entries 1a3q, 1ais, 1cdw, 1nfk, 1rcv, 1tp7 and 1tsr, five are associated with relatively high gap volume indices of >2.9. Six of these entries, with the exception of 1a3q, also have S c values <0.68, which is indicative of relatively poor shape complementarity.
Similarly, well packed complexes with V/V 0 ≈ 1 (PDB codes, 1hcr, 1ign and 1tc3), have relatively low gap volume indices and high S c values. But many counter examples to this rule are also observed.
The poor correlation between our volume ratios and the two shape complementarity indices may be explained by the inherent difference between the properties measured by volume calculation and by the two shape complementarity indices. We measure the volume occupied only by atoms that are completely surrounded by other atoms in the interfaces. Hence, the volumes of atoms lining the exterior surface, and those lining empty internal cavities are not computed. Also, our volume calculations say nothing about how patchy an interface is and evaluate only the packing in the patches where direct, or water mediated, intermolecular interactions form. In contrast, the gap volume and S c indices measure geometric properties of the interacting surfaces. The S c index evaluates the correlation between the shapes of the interacting surfaces, whereas the gap volume index aims at measuring how patchy an interface is.
Thus, not only is there no obvious relation between these two geometric properties and the packing efficiency calculated here but also between the two geometric properties themselves. It is hence not too surprising that the corresponding indices not only display poor correlation with our volume ratios, but also with each other. We find indeed that linear correlation coefficient between the S c and gap volume index is only 0.2.
These observations furthermore explain why Jones et al. (27) reach different conclusions about the packing in protein-DNA interfaces, evaluated on the basis of the gap volume index, than in the present study. They interpret the wide range in gap volume indices to mean that the packing efficiency of protein-DNA interfaces varies significantly. They suggest, for example, that monomeric proteins have more tightly packed protein-DNA interfaces than dimeric proteins, with a tendency for DNA bound enzymes to display more segmented protein-DNA interfaces than the complexes with transcription factors.
Our volume ratios reveal no such differences. But there remained the possibility that the volume of empty cavities in the interfaces, computed in the absence of water molecules may represent a measure similar to the gap volume, also computed in the absence of water molecules. This was checked here by computing the cavity volume index for our interfaces, defined as the total cavity volume divided by the total area buried at each interface, and comparing this index with the gap volume index. However, this comparison also revealed a poor correlation between these two indices (linear correlation coefficient of 0.2). This confirms that the gap volume of Thornton and coworkers (26, 27) and Laskowski (31) is not simply related to the cavity volumes computed here, and hence shows that it does not represent the volume of the empty 'holes' formed when two poorly complementary interfaces interact. It seems likely, on the other hand, that the gap volume index is more representative of the complementarity between the surface regions at the periphery of the interface, which are accessible to bulk solvent in the complex. Indeed, since spheres of diameter as large as 10 Å are used in the gap volume calculations (see Materials and Methods), those with such diameter would tend to be in contact with the surfaces of atoms in the peripheral regions, rather then fill cavities located within the interface proper and would hence contribute more to the gap volume. The relevance of measuring the surface complementarity in these peripheral regions, however, remains to be demonstrated.
CONCLUSIONS
Protein-DNA recognition in particular, and protein-nucleic acid recognition in general, play a central role in biology. Our study has for the first time evaluated atomic volumes in DNA crystal structures and compared them to those of nucleic acid groups in small molecule crystals. This comparison confirms the compact nature of B-DNA. Our analysis of the atomic volumes of the DNA portion in protein-DNA interfaces, and of the empty and water-filled cavities at these interfaces, show that these interfaces are significantly more hydrated than the protein interior and that water-hydration plays a key role by fostering close packing, and therefore also in specific recognition.
Analyses such as these can be readily applied to the growing number of protein-DNA and protein-RNA complexes, solved at high resolution, and should provide valuable insights into the principles that govern recognition in these important systems.
